Semi-natural grassland areas expanded worldwide several thousand years ago following an increase in anthropogenic activities. However, semi-natural grassland habitat areas have been declining in recent decades due to changes in landuse, which have caused a loss of grassland biodiversity. Reconstructing historical and recent demographic changes in seminatural grassland species will help clarify the factors affecting their population decline. Here we quantified past and recent demographic histories of Melitaea ambigua (Lepidoptera; Nymphalidae), an endangered grassland butterfly species in Japan. We examined changes in demography over the past 10,000 years based on 1378 bp of mitochondrial COI gene. We then examined changes in its genetic diversity and structure during the last 30 years using nine microsatellite DNA markers. The effective population size of M. ambigua increased about 3000-6000 years ago. In contrast, the genetic diversity and effective population sizes of many populations significantly declined from the 1980s to 2010s, which is consistent with a recent decline in the species population size. Our data suggest that the M. ambigua demography can be traced to changes in area covered by semi-natural grasslands throughout the Holocene.
Introduction
Worldwide, semi-natural grasslands have high biodiversity. Although these grasslands' biodiversity have been historically maintained by anthropogenic activities, such as fire, grazing, and mowing, this diversity has become threatened in recent decades mainly due to recent changes in landuse and management practices (Berg et al. 2011; Kleijn et al. 2011; Suka et al. 2011; Amici et al. 2015) . Therefore, there has been an increasing interest in conserving semi-natural grassland biodiversity worldwide (Kleijn et al. 2011; Amici et al. 2015) . Because habitat loss and fragmentation are the primary drivers of reduction in grassland biodiversity (Amici et al. 2015; Bubová et al. 2015) , a major subject of semi-natural grassland conservation is to determine the relationship between the area of semi-natural grassland habitats available and population sizes of endangered grassland species.
Forest vegetation could widely cover the temperate, humid zones of Eurasia after the last glacial period, although natural grasslands (e.g., azonal, extrazonal, riparian, and coastal) were also maintained due to specific soil or topographic conditions and natural disturbances (Miyawaki et al. 1975; Bohn et al. 2003; Yuan et al. 2011; Török and Dengler 2018) . Instead, large semi-natural grassland areas (e.g., meadows and pastures) became established and were then maintained by anthropogenic activities (Isselstein et al. 2005; Kawano et al. 2012; Miyabuchi et al. 2012; Hejcman et al. 2013; Kuneš et al. 2015) . Semi-natural grasslands expanded throughout Eurasia from the early Holocene until the early 20th century as pasturing and farming activities expanded (Hejcman et al. 2013; Ushimaru et al. 2018) . As European and East Asian countries experienced rapid economic growth following the shift from agriculture to manufacturing in the 20th century, grasslands used for pasture declined in economic value (Isselstein et al. 2005; Ushimaru et al. 2018) . Further, unimproved and species-rich grasslands have rapidly declined in area as they became abandoned or were more intensively used since the late 20th century (Isselstein et al. 2005; Kleijn et al. 2011; Nakamura 2011; Suka et al. 2011; Bubová et al. 2015; Uchida et al. 2016; Török and Dengler 2018) . Grassland species are affected by grassland area conversions. Many grassland plants and insect species have become threatened in Europe and Japan in recent decades in response to the loss of semi-natural grassland ecosystems (Kleijn et al. 2011; Nakamura 2011; Suka et al. 2011; Koyanagi and Furukawa 2013; Bubová et al. 2015) . However, little is known on how grassland species populations have changed in concert with the increase in semi-natural grassland area during the early Holocene to the late 19th century. This is because historical population data for past millennia are difficult to obtain.
Today, the demographic history of wild species during the last thousands to millions of years can be revealed by examining mitochondrial, chloroplast, or nuclear DNA data (Drummond and Rambaut 2007) . Specifically, the coalescent theory using mitochondrial DNA sequences whose mutation rates are usually high and stable can be used to reconstruct the demographic history of a given species from circa 10,000−100,000 years ago (Stojak et al. 2015) . Furthermore, population genetic analyses of recent past and contemporary specimens can be used to examine changes in genetic diversity and structure, indicating changes in population size and changes during the intervening decades (Harper et al. 2006; Wandeler et al. 2007; Cousseau et al. 2016; Fountain et al. 2016) . Although genetic analysis of specimen samples is generally difficult mostly due DNA degradation over time, using microsatellite markers with short polymerase chain reaction (PCR) products is helpful for overcoming these difficulties (Nakahama and Isagi 2017) . Reconstructing historic and recent demographic changes of endangered, semi-natural grassland species using genetic makers is useful to help clarify factors affecting their demographic changes and provides a powerful tool to aid in conservation planning for species populations.
Grassland butterflies are strongly influenced by reduction in habitat areas worldwide (Nakamura 2011; Bubová et al. 2015) . In the present study, we examined the demographic history of Melitaea ambigua (Lepidoptera; Nymphalidae), an endangered, semi-natural grassland butterfly species in Japan, using mitochondrial DNA sequence analysis of current samples and microsatellite analysis of specimens collected in past and more contemporary samples.
Unfortunately, there is little information regarding historical changes in distributions of semi-natural grasslands associated with the expansion of anthropogenic activities during the Holocene in Japan. During glacial periods, it is suggested the boreal natural grasslands and coniferousbroadleaved forests were dominant (Kawano et al. 2012; Miyabuchi et al. 2012) . After the last glacial period, various forest types are the climatic climax vegetation in most terrestrial areas due to humid climate in Japan (Miyawaki et al. 1975; Ushimaru et al. 2018 ). Thus, both natural and seminatural grasslands have limited distribution within the country, as only ca. 5% of the land maintains grassland conditions currently (Ushimaru et al. 2018) .
Conversely, Andosols (kurobokudo, Japanese black soils), indicating the presence of fire over long periods since their formation following the last glacial period (Kawano et al. 2012; Miyabuchi et al. 2012) , are widespread in semi-natural grasslands in Japan and currently cover about 17% (Suka et al. 2011 ). This suggests that expansive semi-natural grasslands used to occur throughout Japan (Suka et al. 2011; Ushimaru et al. 2018) . Since the late 19th century, semi-natural grassland areas have declined from 11% to only 1-3% of national lands and remnants are extremely fragmented (Ogura 2006; Suka et al. 2011; Ushimaru et al. 2018) . We hypothesise that M. ambigua has rapidly declined in population size (indicated by the loss in genetic diversity and effective population size) in recent decades following the decline in semi-natural grassland area. This is in contrast to the expected increase in its population size during the Holocene. To test this hypothesis, we estimated the demographic history of M. ambigua populations during the last 10,000 years based on results from a coalescent analysis study using mitochondrial DNA sequences of more recently collected samples. We examined changes in genetic diversity and the structure, and effective population sizes of butterfly populations from specimens collected from the 1980s to the 2010s. These data were based on microsatellite analysis of specimens collected in the past 30 years and contemporary samples. Using these two sets of data, we investigated the effects of the decline in semi-natural grassland areas on the genetic diversity and effective population sizes of M. ambigua during recent decades. We discuss the importance of maintaining a sufficient semi-natural grassland area to maintain the population of this endangered species and outline a potentially effective conservation strategy based on our results.
Materials and methods

Target species
M. ambigua is endemic to grasslands in East Asia (Fig. S1 , Shirouzu 2006) . It used to be widely distributed several decades ago in temperate meadows and pastures in the central part of Japan in Nagano, Gifu, and Gumma Prefectures of the Chubu region (Shirouzu 2006) . However, the size of this species population has rapidly declined due to the reduction in grassland area; therefore, it is currently categorised as 'endangered' in the Japanese Red List (Ministry of the Environment Government of Japan 2014). Veronicastrum japonicum var. japonicum and Melampyrum laxum var. nikkoense are the main host plants for the larvae of this butterfly whose main habitat is semi-natural grasslands and forest edge environments (Shirouzu 2006; K. Maruyama, personal observation) . Because butterfly collectors for natural history museums in Japan and other collectors have preserved several M. ambigua specimens, we considered this species appropriate for reconstructing its demographic history based on genetic analyses.
Study area and site
Fourteen populations from Japan and three from Russia were investigated (Table 1, Fig. S2 ). The current landuses in Japan is described in Table 1 , although it had been used for meadow and/or pasture before the 1940s (Suka et al. 2011 ). All populations from Japan were isolated from other populations by developed lands, forests, and high mountains. The remaining semi-natural grasslands were maintained by mowing and/or burning in the highlands. The annual mean temperatures in 1979-1985 and 2006-2015 were collected from the Automated Meteorological Data Acquisition System (AMeDAS; http://www.data.jma.go.jp/ obd/stats/etrn/index.php) nearest to each study site. Temperature data were corrected using the temperature lapse rate of 0.0065°C/m, the difference in the elevation between each study site and the nearest AMeDAS point (Table S1 ). The grassland area around each study site in Japan was examined with Q GIS (ver. 2.6.0) from 20 concentric, circular plots, wherein each nested plot's radius was 200-m longer than that of the plot within it. These plots were examined from 1947 to 1948, 1975 to 1978 and 2010 to 2014 from aerial photographs acquired from the Geospatial Information Authority of Japan (http://mapps.gsi.go.jp/) and Google Earth (Google Earth © 2016 ZENRIN, 2016 . Semi-natural grassland areas around each site reduced by more than half during the past 70 years (Table S1 ). Using Q 1985 (1980-1989) 2000 (1995-2003) 2015 (2011-2015) a Japan Western Nagano 27 (1995-2003) 20 (2014-2015) 19 (2014-2015) c 19 (1985-1989) 11 (2014-2015) 11 (2014-2015) d Pasture* Exist 28 (1981-1988) 14 (1998-2003) GIS, we also measured the distance from the centroid of the nearest grassland patch to each study site for each period as an index for habitat fragmentation (Turner et al. 2001) . We examined the number of flowering species and vegetation height in July to assess vegetation conditions at each site. We set three 2 × 30-m belt plots at each site and counted the number of plant species that bloomed in 2014 and 2015. We measured vegetation heights at two points every 10 m at each belt plot (8 points/plot) in both years. We calculated the yearly means of these two variables for each site.
For the 12 populations in Japan (except sites a and e), 451 samples were collected for microsatellite analyses from recently captured individuals and collected specimens obtained from collections (Table 1) . Sites a and e were removed from microsatellite analysis because we could neither estimate genetic diversity nor effective population sizes due to low sample sizes. We collected 149 samples for mitochondrial DNA sequencing analysis using recently captured individuals and young specimens (collected after 2013) from Japan (Table 1) . Old specimens (collected before 2003) were omitted from mitochondrial DNA sequencing analysis due to highly fragmented DNA. We also used 11 samples from Russia (collected in 2008 and 2009) for mitochondrial DNA sequencing analysis to estimate the genetic distance and divergence time between Japanese and continental populations (Table 1) .
Sampling and DNA extraction
DNA was extracted from wing or leg samples. A single middle or hind leg was collected from air-dried specimens (from 10 populations) captured during 1981 to 2013, which were preserved by natural history museums or butterfly collectors. Further, a small clip of hind wings (1 × 3 mm 2 in size) was collected from adult individuals we live-captured in 2014 and 2015. Removing small amounts of hind wings has no significant impact on the behaviour or survival of Nymphalidae adult butterflies (Hamm et al. 2010 ). All captured individuals were immediately released after removing wing samples.
Samples were categorised into three groups based on the collection year: samples collected from 1980 to1989 (hereafter referred to as 1985 samples), samples collected from 1995 to 2003 (hereafter referred to as 2000 samples), and samples collected from 2011 to 2015 (hereafter referred to as 2015 samples). In total, 465 samples were used for microsatellite analyses and/or mitochondrial sequencing analysis (Table 1) .
Genomic DNA of wing and leg samples was extracted using the standard phenol-chloroform method. During DNA extraction, samples were incubated using CTAB buffer with proteinase K (5 μL of 20 mg/mL); wing samples were incubated for one night, while leg samples were incubated for two nights. Extracted DNA was eluted in 30 μL TE buffer.
Live samples could not be collected at five sites in Japan (sites f, g, h, k, and l) because we did not encounter any individuals during our field sampling and there were no known captures by collectors at these sites during 2014 and 2015. We therefore considered the butterfly to be putatively extinct in these locations (Table 1) .
Molecular analysis
For mitochondrial DNA sequencing, two primer pairs were used to amplify 1378 base pairs of the COI gene from 161 samples collected in Japan and Russia. Sequencing details are described in Appendix A1.
The genotypes of samples were clarified at nine microsatellite loci characterised by Nakahama et al. (2015) : Mam011, Mam013, Mam016, Mam017, Mam020, Mam023, Mam026, Mam028, and Mam031. These markers were designed for microsatellite analysis of specimen samples (Nakahama and Isagi 2017) . The genotyping protocol for microsatellite analysis is described in Appendix A2. Micro-Checker v2.2.3 (Van Oosterhout 2004) was used (10,000 Monte Carlo simulations and 95% confidence interval (CI)) to check for null alleles to identify errors due to large allele dropout.
Mitochondrial DNA alignment and sequence analysis
Mitochondrial sequence data were edited and aligned using the automatic multiple sequence alignment algorithm implemented in the ClustalW algorithm (Higgins et al. 1994) in MEGA 6.06 (Tamura et al. 2013) . Our sequences have GenBank accession numbers LC279363-LC279512 (in Japan) and LC279513-LC279523 (in Russia). Further, a median-joining haplotype network of M. ambigua samples in Japan and Russia was inferred using NETWORK v. 4.6.1.3 (Bandelt et al. 1999 ).
Demographic analysis
To estimate the demographic expansion of M. ambigua collected in Japan, mitochondrial DNA sequences of samples collected from Japan were used to determine segregating site distribution (Tajima's D) and haplotype distribution (Fu's FS). Statistical expectations are nearly zero in a constant population size; significant negative values indicate sudden population expansion, whereas significant positive values indicate population subdivision or recent bottlenecks. The significances of D and FS statistics were tested by generating 10,000 coalescent simulations in ARLEQUIN v. 3.5 (Excoffier et al. 2005) . To further investigate the possibility of demographic expansions, the distribution of pairwise sequence differences (mismatch distribution) for COI haplotypes were plotted using ARLEQUIN v. 3.5 (Excoffier et al. 2005) . The goodnessof-fit between the observed and expected distributions of the sudden expansion model was calculated using the sum of squared deviations (SSD).
For samples collected from Japan, historical population dynamics of M. ambigua through time were estimated using a coalescent-based, Bayesian skyline plot without the assumption of any particular demographic model (Drummond and Rambaut 2007). The posterior probability distribution of effective population size (N es ) was estimated using BEAST v. 2.1.3 (Drummond and Rambaut 2007) by applying the best-fit model of nucleotide substitutions and their parameter values as priors. The COI nucleotide substitution rate was set to the average value commonly found in arthropods (1.77% divergence lineages
) with a strict molecular clock. Markov chain Monte Carlo (MCMC) samplings were run for 1.0 × 10 8 generations with parameters sampled for every 1.0 × 10 4 generation. The initial 10% of the run was discarded as burn-in. Each analysis was repeated multiple times to optimise scale factors until no suggestion message appeared on the log file. The HKY evolutionary substitution model was used as selected in JModeltest v. 2.1.7 (Darriba et al. 2012 ) based on the Akaike information criterion (AIC) value. The effective sample size for the posterior distribution of estimated parameter values was determined using TRACER v. 1.6 (Rambaut et al. 2014 ). An a posteriori distribution of time to recent common ancestor (tMRCA) was obtained between the Japan and Russia. Analytic conditions were the same as they were for the above analysis.
Statistical analysis of genetic diversity, effective population size, and genetic structure
The genetic diversity of each population in each period was evaluated in terms of Nei's unbiased expected heterozygosity (H E ), observed heterozygosity (H O ), average number of alleles per locus (A), and allelic richness (A R ). All parameters were calculated using FSTAT ver. 2.9.3 (Goudet 2001) . H E and A R , calculated by FSTAT ver. 2.9.3, are corrected indices for differences in sample size for each population. Effective population size (N e ) was estimated using two different single sample estimators for N e in each period. (1) N eSIB was estimated using the sibship assignment method implemented in Colony2 2.0.5.9 (Wang 2009 ). We used the full likelihood method with a weak prior probability, assuming random mating and polygamy. (2) N eLD was estimated using the linkage disequilibrium method implemented in NEESTIMATOR 2.1 (Do et al. 2014 ), wherein we used a minimum allele frequency of 0.02 and generated 95% CI by jackknifing.
Genetic relationships were evaluated among six populations (sites c, d, f, g, m, and n) in the 1985 and 2015 samples using Bayesian clustering in STRUCTURE ver. 2.3.4. (Pritchard et al. 2009 ), which assigns individuals to K clusters. Population structure was simulated with K values of 1-7 under an admixture model and a correlated allele frequency model. All runs involved 1 × 10 6 MCMC generations after a burn-in period of 1 × 10 6 iterations. Twenty runs were performed for each K value. Cluster number was determined by comparing means and the variability of log likelihoods in each run. To select the optimal K value, STRUCTURE Harvester (http://taylor0. biology.ucla.edu/structureHarvester/) was used. The F value (amount of genetic drift between each cluster and a common ancestral population) and H E were calculated. Analysis was separately conducted for 1985 and 2015 samples.
The genetic differentiation level was estimated for all pairs of the six populations in the 1985 and 2015 samples with F ST calculated using FSTAT 2.9.3 (Goudet 2001) . FSTAT 2.9.3 gives a 95% CI for each global F ST value. If there was no overlap of CIs for the two time periods, the global F ST values were considered to significantly differ.
Recent migrations among the six populations in the 1985 and 2015 samples were estimated using BayesAss 3 (Wilson and Rannala 2003). We ran the programme with 1.5 × 10 8 MCMC iterations and sampled at every 15,000 steps. In runs using genetic data from 1985 and 2015 samples, the delta value for migration rates, allele frequencies, and inbreeding coefficients were set to 0.70, 0.80, and 1.00, respectively, to ensure that acceptance rates for proposed changes to these parameters fell between 20% and 60%, as suggested by the software manual. The first 1.5 × 10 7 iterations were discarded as burn-in after checking for the convergence of each parameter using TRACER v. 1.6 (Rambaut et al. 2014) .
Factors influencing genetic diversity and effective population size
The effects of past (approximately 40 years prior) and recent (1-10 years prior) grassland area on genetic diversity and effective population sizes were examined using a linear mixed model (LMM). In the LMM, the response variable was A R or H E for each locus, or N eSIB for the 1985 or 2015 samples collected from 11 Japan populations (except for sites a, e, and k). The N eSIB at site c collected in 2015 and site f collected in 1985 and 2015 were excluded from the response variable because N eSIB or its 95% CIs were indicated as infinity. The N eLD was also omitted from the response variable because with finite CI it was estimated only for sites b, c, and n. The explanatory variables were the past or recent grassland area around each study site based on each of the 20 spatial scales (from concentric circular plots) and the mean annual temperature (mean temperatures during 1979-1985 and 2006-2015) . Because there was a strong, significant correlation between the grassland area (radius: 200-4000 m) and the distance from the centroid of the nearest grassland patch (for all radii: r > 0.65, P < 0.001, Pearson's correlation test), we omitted the latter from the explanatory variable. Site and locus identities and site identity alone were included as the random terms for A R and H E and for N eSIB LMMs, respectively. The grassland areas in 1947-1948 and 1975-1978 were defined as historical grassland areas associated with the 1985 and 2015 samples, respectively. Genetic diversity data for the 2000 samples was not included because we could not obtain photos or maps around those study sites. We constructed 82 A R (or H E ) LMMs with two explanatory variables defined as both, neither or none of the grassland areas (historical or recent area at the 20 spatial scales sampled) and mean annual temperature. We also constructed 42 N eSIB LMMs with a single explanatory variable because a multiple regression model is likely unsuitable due to few data points (n = 20) in N eSIB model. The model with the lowest AIC was selected as the best-fit model.
The effects of current vegetation conditions and past or recent grassland area on current genetic diversity and effective population sizes were also examined using a LMM and a linear model (LM), respectively. The response variable was A R or H E for each locus or N eSIB of the 2015 samples. The explanatory variable was the past or recent grassland area, mean number of flowering species, mean vegetation height, and mean annual temperature. Each locus identity was included as random terms for A R and H E LMMs. For N eSIB LMs, we included only a single explanatory variable as in the above analysis. The model selection details were the same as the above analysis. All statistical procedures were performed using R ver. 3.2.1 and the package lme4, except N eSIB LMs, which were performed using the package stats (R Development Core Team 2015).
Results
Demographic history analyses based on mitochondrial DNA
We determined 1378 bp of COI sequences for 161 individuals in Japan and Russia. We observed 21 haplotypes within both populations and 17 haplotypes within 14 populations in Japan. The haplotype network tree for the populations in Japan resulted in a star-like distribution, with the most frequent haplotypes located in the centre of the network tree, surrounded by several lower-frequency haplotypes, a pattern typically observed in expanding populations (Fig. 1) . Except for the Azumino butterfly population, no clear genetic differentiation was found, although there were 6-9 missing intermediate haplotypes between Japan and Russia.
Fu's FS values for the populations in Japan were significantly lower than zero (FS = −8.45800, P < 0.01). Tajima's D metric for the populations was also significantly different from zero (D = −1.58454, P < 0.05). Mismatch analysis revealed no significant deviation from the expectation of the null model, which assumed a population expansion of the populations in Japan (SSD = 0.005, P = 0.602; Fig. S3 ). Furthermore, the Bayesian skyline plot for populations in Japan (with 95% highest posterior density (HPD)) demonstrated that they had undergone a major growth phase, commencing approximately 10,000 y bp (years before present). The effective size of the Japan populations drastically increased during the 3000 y period approximately 3000-6000 y bp (Fig. 2) . After this, the population grew rapidly, with an approximately 130-fold increase since the end of the last glacial period around 12,000 y bp. tMRCA between the Japan and Russia was estimated to be 72,000 y bp (95% HPD = 21,000─148,000 y bp) based on a substitution rate of 1.77 Myr −1 . 
Recent changes in genetic diversity and structure by microsatellite analyses
Missing data for microsatellite analyses constituted only 1.87 % of all samples and loci. Micro-Checker 2.2.3 revealed that locus Mbn031 had null alleles in the 1985 samples from sites d and l. There was no evidence of a substantial allele dropout. When we applied Bonferroni correction for multiple testing, we found no significant linkage disequilibrium between any pair of loci for any sample year in either population. The mean A R and H E at all the sites and periods are described in Table S2 . The N eSIB with finite CI was estimated for all populations except the samples from site c collected in 2015 and site f collected in 1985 and 2015 (Table S2 ). Conversely, the N eLD with finite CI was estimated only for sites b, c, and n collected in 2015 (Table S2) . For all samples, N eSIB positively correlated with the mean A R and H E (A R : r = 0.58, P = 0.007; H E : r = 0.48, P = 0.03; Pearson's correlation test). The mean A R , H E , and N eSIB of the 2000 and/or 2015 samples were lower than those of the 1985 samples in many populations we examined (Table S2 , Fig. S4 ); we found a decline in grassland area since the 1940s in all sites. The best models for A R , H E , and N eSIB in all the periods included only one explanatory variable: grassland area in the recent past (40 y bp) within 1200-m radius circles. The best models for N eSIB in all periods included grassland area in the recent past (40 y bp) within 1200-m radius circles as the explanatory variable. This indicates that genetic diversity and effective population sizes significantly decreased within the recent past, and this decrease was unaffected by changes in the mean annual temperature (Table 2 and S1, Fig. 3 ).
The best model for current A R included three explanatory variables: grassland area in the recent past (40 y bp) within 1200-m radius circles, the number of flowering species and the mean annual temperature. Conversely, the best model for current H E included one explanatory variable: grassland area in the recent past (40 y bp) within 1200-m radius circles. The best model for current N eSIB included grassland area in the recent past (40 y bp) within 200-m radius circles as the explanatory variable.
STRUCTURE analysis of the six populations indicated that the M. ambigua populations exhibited a clear spatial clustering of genetic characteristics in the 1985 and 2015 samples (Fig. 4) . The ΔK value was highest at K = 2 in the 1985 and 2015 samples (Figs. S5A, B) . Further, the ΔK value was high at K = 3 in the 2015 samples (Figs. S5B). This indicates that genetic clusters tended to be divided into three regions in the 2015 samples: the Western Nagano (c and d sites), Chushin (f and g sites), and Johshin (m and n sites) clusters (Fig. 4b) . However, genetic differentiation between the Chushin and Johshin populations was not clearly identified in the 1985 samples (Fig. 4a) . When we conducted STRUCTURE analysis using nine current populations in Japan, the ΔK value was highest at K = 3 (Fig. S5C ) and genetic clusters were differentiated into the Western Nagano, Azumino, and Chushin + Johshin regions (Fig. 4c) .
The F ST values between population pairs in the 2015 samples were higher (0.015-0.251) than those in the 1985 samples (0.003-0.101) (Fig. 5) . Global F ST was significantly lower among the 1985 samples (0.048, 95% CI = 0.039-0.056) than among the 2015 samples (0.125, 95% CI = 0.109-0.146), indicating an increased genetic differentiation among the sites during the last 30 years.
BayesAss analysis showed that 95% of credible intervals of estimated recent migration overlapped with zero for almost all population pairs, indicating little or no recent gene flow among populations. There were significant migrations among six population pairs in the 1985 samples, but migrations decreased in three population pairs in the 2015 samples (Table 3 ).
Discussion
We found that the effective population size of M. ambigua continuously increased over the past 6000 years in concert with the expansion of semi-natural grassland habitat areas Fig. 2 Bayesian skyline plot of samples in Japan based on the COI gene. Substitution rates of 1.77% divergence lineages −1 Myr −1 were used. The dark solid line is the median estimate, and blue lines show the 95% highest posterior density limits. Effective sample size values are >250 for all parameters. The grey translucent box indicates the period over which grasslands expanded in area in Japan based on phytolith and charcoal data (in Andosols) (Suka et al. 2011; Kawano et al. 2012; Miyabuchi et al. 2012; Yoshida et al. 2016 ) (Colour figure online) Table 2 Estimated coefficients of explanatory variables in the best generalised linear mixed model for environmental factors on genetic diversity and effective population size of M. ambigua 
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Bold numbers face indicates that the 95% confidence interval (CI) for the partial regression coefficient did not include zero AIC Akaike's information criterion (Suka et al. 2011; Ushimaru et al. 2018 ). However, decreased genetic diversity and effective population sizes during recent decades in concert with rapid reductions in semi-natural grassland area might indicate the reduction in population sizes of M. ambigua. Our results further suggest that the demographic history of M. ambigua is consistent with the continuous loss, over time, of semi-natural grasslands in Japan. Furthermore, the recent reduction in grassland area has affected the genetic structure of M. ambigua in that the reduction and fragmentation of seminatural grasslands likely promoted higher genetic differentiation among remnant populations.
Demographic history of M. ambigua during the Holocene
Grassland butterfly populations in Japan separated from Russia populations approximately 72,000 y bp (95% HPD = 21,000─148,000 y bp). In the last glacial period, the Tsushima Straits between the Japanese Archipelago and the Korean Peninsula narrowed due to sea level lowering (Oba and Irino 2012) , during which time M. ambigua could have migrated to the Japan Archipelago. Thus, during this glacial period, there would be natural grasslands that supported M. ambigua populations because this species might have been distributed in Japan.
Our data indicate that M. ambigua expanded its population in Japan relatively recently (Fig. S3) . Further, the population size of this species rapidly increased during 3000-6000 y bp (Fig. 2) . Before the last glacial period, subalpine conifer forests and boreal grasslands dominated the highlands of the Chubu region, Japan (Yasuda and Narita 1981; Yoshida et al. 2016) . The annual mean temperature was approximately 7°C lesser during this period than at present (Yasuda and Narita 1981) , suggesting that cooler temperatures are unsuitable for M. ambigua and its larval host species, V. japonicum var. japonicum and M. laxum var. nikkoense. Phytolith and charcoal data (in Andosols) indicated that semi-natural grassland had begun to expand in the study area, spurred by anthropogenic activities about 3000-7000 y bp, which is consistent with the general trend of grassland expansion throughout Japan during the same period (Suka et al. 2011; Kawano et al. 2012; Miyabuchi et al. 2012; Yoshida et al. 2016; Ushimaru et al. 2018) . Since 3000 y bp until relatively recently, widely occurring, semi-natural grasslands were maintained by humans to improve wildlife habitat, pasture domestic livestock, and maintain meadows (Suka et al. 2011; Ushimaru et al. 2018) . Our results strongly suggest that the population expansion of M. ambigua coincides with the expansion of temperate semi-natural grasslands in Japan. The main larval host plants of M. ambigua still inhabit semi-natural grasslands in the study area. Furthermore, feeding opportunities (i.e., sources of nectar-providing plants) are prevalent and diverse in traditionally managed, semi-natural grasslands (Uchida and Ushimaru 2014; Uchida et al. 2016) . Thus, an increase in larval and adult host plants due to semi-natural grassland expansion might have increased the population size of M. ambigua during the Holocene. 
Recent decline in genetic diversity
There was a significant decrease in genetic diversity and effective population sizes over the last three decades in many M. ambigua populations (Fig. 3, S4) , which is consistent with that population sizes recently declined. Genetic diversity is usually positively correlated with population size in organisms (Frankham 2009) . The recorded number of M. ambigua populations has declined since the 1960s (Ministry of the Environment Government of Japan 2014). We identified five areas from which M. ambigua is now extinct. Our results suggest that the number of populations and the size of each population have rapidly declined in recent decades.
Our results showed the grassland area within 1200 (or 200) m radius in approximately 40 y bp had a positive effect on the genetic diversity and effective population sizes of M. ambigua (Fig. 3) . Although we used only grassland area but not the fragmentation index as the explanatory variable in LMM analyses due to strong correlation between the variables, habitat loss and fragmentation together might have negative effects on the genetic diversity and effective population sizes. It suggests that long-term maintenance of large grasslands is necessary for maintaining high genetic diversity and effective population sizes in M. ambigua. Other species of the same butterfly genus, (e.g., M. cinxia) have a maximum migration distance of about 1150 m (Kuussaari et al. 1996) , consistent with our results concerning the size of grassland that most influences M. Ambigua genetic characteristics. The genetic diversity of grassland species is influenced by the size of its current grassland habitat and by its historical habitat area (Richmond et al. 2009; Kajtoch et al. 2014 ). We detected a strong effect of long-term (40 years) grassland maintenance on the genetic diversity of M. ambigua. Owing to limited aerial photograph records, we only compared changes in grassland area from recent records (10 y bp) and the recent past (40 y bp). Thus, we could not exactly determine the time required for maintaining a high genetic diversity in large grassland areas. Unfortunately, M. ambigua populations may experience a further decline in genetic diversity and effective population sizes in the future because we showed that grassland areas has been continuously declining in area since the 1970s in almost all study sites.
The number of flowering species and mean annual temperature also had positive effects on current A R in 2015. Because floral nectar is an important food resource for adult butterflies, the richness of flowering plants and butterfly species are known to be positively correlated (Uchida and Ushimaru 2014) . Our study indicated that the richness of flowering plants also has a positive effect on genetic diversity of the endangered butterfly species. Conversely, Means of the posterior distributions of the migration rate into each population, are shown. The populations from which each individual was sampled are listed in the rows, whereas their populations from which they migrated are listed in the columns. Values along the diagonal are the proportions of individuals derived from the source populations each generation. Values in parentheses below migration rates are 95% CI. Bold numbers indicate that the 95% CI did not include zero we could not explain why annual temperature had a positive effect only on A R (Table 2) . A decline in genetic diversity often increases the extinction probability by promoting inbreeding depression (Frankham 2009 ). M. cinxia (an isolated butterfly population with low genetic diversity) exhibits a high genetic load, which has caused declines in its development and reproductive performance (Mattila et al. 2012 ). In our study, the genetic diversity of M. ambigua rapidly declined recently, particularly in site c. Such a population may be vulnerable to extinction due to an expression of inbreeding depression and/or a high genetic load (Frankham 2009; Fountain et al. 2016) .
Increased genetic differentiation due to grassland loss and fragmentation
Our results indicate that the loss and fragmentation of grasslands has led to an increase in genetic differentiation among M. ambigua populations since the 1980s (Figs. 4, 5) , as it has in other wild species (Cousseau et al. 2016) . Enhanced genetic differentiation in neutral loci among separated M. ambigua populations can be attributed to genetic drift and reduced migrations. Genetic drift due to declining population size might have caused random loss of rare alleles in populations, leading to enhanced genetic differentiation. In the Adonis blue butterfly, Harper et al. (2006) proposed that its allele frequency dramatically changed via genetic drift during the last 100 years. Furthermore, reduced migrations among populations may have also been responsible for this differentiation. Not only genetic drift but also reduced migrations caused decreased genetic diversity in fragmented black grouse populations of central Europe (Segelbacher et al. 2014) . Inter-population migrations in M. ambigua may have become less frequent during the last 30 years (Table 3) . Pronounced genetic differentiation is often delayed after habitat fragmentation reduces migration rates (Richmond et al. 2009 ). During the last three decades, gene flow among M. ambigua populations might be lower than rates before the 1980s because semi-natural grasslands in the study area have become smaller, more fragmented, and isolated.
Conservation implications of M. ambigua
The haplotype network of mitochondrial DNA showed no clear genetic structure among the sites in Japan, except for the Azumino populations (sites i and j), although it also revealed the clear genetic differentiation between in Japanese and continental populations. Microsatellite marker data for the 2015 samples indicated that the Western Nagano (sites b, c, and d) and Azumino populations had unique clusters (Fig. 4c) . Although the STRUCTURE analysis for six populations indicated that the clusters in the Chushin (sites f and g) and Johshin (sites m and n) regions were clearly separated in 2015, they had been similar in 1985 (Figs. 4a, b) . Based on our results, each of these three populations (Western Nagano, Azumino and Chushin + Johshin) should be managed as three conservation units.
Grassland loss and fragmentation causes low genetic diversity and low population size in M. ambigua, which is also the case for most endangered species (Helm et al. 2009; Nakamura 2011) ; therefore, maintaining large and continuous, semi-natural grasslands is essential for conserving Japanese endemic M. ambigua populations (Nakamura 2011; Bubová et al. 2015) . Uchida et al. (2016) reported that threatened butterflies and their host plants rapidly decreased due to the loss of traditional management practices in semi-natural grasslands in Japan. Furthermore, an increased population size of Japanese sika deer in the past two decades caused rapid declines in plant and herbivorous insect populations that rely on plants browsed on by the deer (Nakamura 2011) . Overgrazing of herbaceous plants by sika deer has become obvious since 2009 in two of our sites (f and g) (Kishimoto et al. 2010) , causing M. ambigua to become extinct at these sites, likely due to a large population decline in its larval host plant, V. japonicum. Therefore, resource managers should pay attention to sitespecific problems, in addition to addressing larger-scale problems such as loss of habitat and habitat fragmentation (Nakamura 2011; Uchida et al. 2016 ).
Conclusion
Our study demonstrated that the demography of an endangered grassland butterfly species can be traced to historical changes in its habitat. We also found that the genetic diversity, effective population sizes, and structure of M. ambigua were influenced by recent declines in grassland habitat. Loss of grassland habitat has occurred worldwide during the last several decades (Berg et al. 2011; Kleijn et al. 2011; Wright and Wimberly 2013 2013; Amici et al. 2015) , resulting in a higher risk of extinction for many grassland butterfly species (Nakamura 2011; Bubová et al. 2015) . Because land abandonment is the major cause for loss of grassland and its fragmentation (Ushimaru et al. 2018) , it is necessary to continuously manage remaining areas and restore abandoned areas by reintroducing burning, grazing, and mowing.
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